Nucleotide-sugar transporters (NSTs) form a family of structurally related transmembrane proteins that transport nucleotide-sugars from the cytoplasm to the endoplasmic reticulum and Golgi lumen. In these organelles, activated sugars are substrates for various glycosyltransferases involved in oligo-and polysaccharide biosynthesis. The Arabidopsis thaliana genome contains more than 40 members of this transporter gene family, of which only a few are functionally characterized. In this study, two Arabidopsis UDP-galactose transporter cDNAs (UDP-GalT1 and UDP-GalT2) are isolated by expression cloning using a Chinese hamster ovary cell line (CHO-Lec8) deficient in UDP-galactose transport. The isolated genes show only 21% identity to each other and very limited sequence identity with human and yeast UDP-galactose transporters and other NSTs. Despite this low overall identity, the two proteins clearly belong to the same gene family. Besides complementing Lec8 cells, the two NSTs are shown to transport exclusively UDP-galactose by an in vitro NST assay. The most homologous proteins with known function are plant transporters that locate in the inner chloroplast membrane and transport triose-phosphate, phosphoenolpyruvate, glucose-6-phosphate, and xylulose 5-phosphate. Also, the latter proteins are members of the same family, which therefore has been named the NST/triose-phosphate transporter family.
Introduction
Many glycosyltransferases involved in oligo-and polysaccharide biosynthesis in the endoplasmic reticulum (ER) and Golgi use nucleotide-activated sugar donors as substrates.
Most nucleotide-sugars are synthesized in the cytoplasm or, in the case of CMP-sialic acid, in the cell nucleus (M€ u unster et al., 1998) and are transported across the ER or Golgi membrane by nucleotide-sugar transporters (NSTs). NSTs act as antiporters (Capasso and Hirschberg, 1984) , exchanging the nucleotide-sugar with the corresponding nucleoside monophosphate, which is a product of the glycosylation reactions. The expression of NSTs as well as nucleotide-sugar synthesizing enzymes and glycosyltransferases is expected to determine the sugar composition of cell wall components in plants. Cloning of the first NST cDNAs, the yeast UDP-GlcNAc transporter (Abeijon et al., 1996) , the mouse CMP-sialic acid transporter (Eckhardt et al., 1996) and the human UDP-Gal transporter , revealed that these transporters are homologous multimembrane spanning proteins. Initial hydropathy analysis predicted eight or nine transmembrane domains (TMDs), but Eckhardt et al. (1999) determined by an epitope-insertion approach that the CMP-Sialic acid transporter has 10 TMDs with both the N-and C-terminus facing the cytoplasm. Other NSTs most likely share this topology. Interestingly, chloroplast membrane proteins, transporting triose-phosphate (TPT), phosphoenolpyruvate (PPT), glucose-6-phosphate (GPT), and xylulose-5-phosphate (XPT) across the inner chloroplast membrane in exchange for phosphate (Eicks et al., 2002; Fischer et al., 1997; Fl€ u ugge, 1998) show sequence similarity to NSTs. These chloroplast transporters therefore belong to the same gene family (Ma et al., 1997) that has been named the NST/TPT (www.cbs.umn.edu/arabidopsis) family. This family, in turn, belongs to the drug/metabolite transporter superfamily, which consists of pro-and eukaryotic transporters, mainly with 10 predicted TMDs. The 10 TMD proteins are thought to originate from bacterial proteins with 5 TMDs by duplication (Jack et al., 2001) .
By database searches, a large number of NST-TPT family members can be identified in all eukaryotes. For example, 16 genes can be found in the complete genome of Caenorhabditis elegans (Gerardy-Schahn and Eckhardt, 2004) and more than 40 in the Arabidopsis genome. The level of sequence identity between members in the NST family is not an indication of the transporter specificity. Mammalian UDP-GlcNAc transporters, for example, show a higher identity with mammalian UDP-Gal and CMP-sialic acid transporters than with the yeast UDPGlcNAc transporter. On the other hand, the human and C. elegans GDP-Fuc transporter are relatively well conserved (L€ u uhn et al., 2001 ). The same is true for GDPMan transporters; the Arabidopsis transporter could be identified using the yeast GDP-Man transporter sequence (Baldwin et al., 2001) . A second Arabidopsis NST has been cloned based on homology to UDP-Gal-transporterrelated 1 , a human NST family member without known function. This transporter has been shown to transport UDP-Glc and UDP-Gal (Norambuena et al. 2002) . Except for NSTs that transport GDP-activated sugars, prediction of activity seems to be impossible for the many potential Arabidopsis NSTs. Therefore we used expression cloning in Chinese hamster ovary (CHO) cells of the genetic complementation group Lec8 to isolate Arabidopsis cDNAs that encode UDP-Gal transport activities. Two cDNA clones that are able to complement the genetic defect in Lec8 cells and transport UDP-Gal in an in vitro transport assay are described in this study.
Results
Expression cloning of Arabidopsis UDP-Gal transporters CHO Lec8 cells (Deutscher and Hirschberg, 1986 ) are deficient in the translocation of UDP-Gal across the Golgi membrane. As a result, the galactose content of oligo-and polysaccharides is drastically reduced because galactosyltransferases lack the required UDP-Gal substrate. In addition, glycosyltransferases that are dependent on prior addition of galactose cannot act in these cells. Based on this latter property, we developed a convenient method whereby the detection of complemented cells was possible in the background of Lec8 cells. One of the glycosyltransferases that depends on the presence of terminal galactosyl residues is b1,3glucuronyltransferase. This enzyme forms the GlcUAb1,3Gal epitope (Figure 1 ) recognized by the monoclonal antibody (mAb) L2-412 (Bakker et al., 1997; Kruse et al., 1984) and is expressed neither in Lec8 nor in CHO wild-type cells. Lec8 cells transfected with both the glucuronyltransferase and a UDP-Gal transporter are, however, able to form this epitope. Control experiments using a rat glucuronyltransferase cDNA (Terayama et al., 1997) and a hamster UDP-Gal transporter showed that mAb L2-412 can distinguish complemented Lec8 cells from cells expressing only the glucuronyltransferase. This system therefore should allow the isolation of the complementing activity by expression cloning.
An Arabidopsis cDNA library was constructed in the mammalian expression vector pABE (Bakker et al., 1999) . The library was divided into pools of 5000 to 10,000 individual clones that were kept as Escherichia coli DMSO stocks. cDNA prepared from these pools was transiently transfected into 5 Â 10 5 Lec8 cells together with the glucuronyltransferase cDNA. Transfection efficiency was verified by expression of the glucuronyltransferase in wild-type CHO cells and was found to be about 25%, which should enable the expression of each individual cDNA in several cells. Of 24 transfected pools, 17 led to L2-412-positive cells, indicating that UDP-Gal transport activity was present in these cells ( Figure 2A ). The number of stained cells ranged from a few to 80. One positive pool was selected (pool 8) and the original E. coli stock was progressively subdivided into smaller pools (sibling selection) until a single Arabidopsis cDNA clone (UDP-GalT1) that complemented the Lec8 phenotype was obtained ( Figure 2B ).
Based on the isolated cDNA, polymerase chain reaction (PCR) primers were designed and used to screen all 24 pools of the original cDNA library. Surprisingly only 8 out of the 17 pools that were positive in the complementation
Lec8
Wild type H. Bakker et al. experiments allowed the amplification of a specific PCR product. The sibling selection procedure was then repeated with one of the remaining positive pools (no. 16) and led to the isolation of a second cDNA clone (UDP-GalT2). Again, PCR primers were deduced from UDP-GalT2 and used to screen the remaining complementing pools, which all were found to be positive. Control transfections of the cloned cDNAs into CHO Lec2 cells deficient in CMP-sialic acid transport, did not restore the wild-type phenotype. These data exclude that the isolated clones are general NSTs, or factors, which, due to overexpression, interfere with the integrity of the compartment membranes.
UDP-GalT1 and UDP-GalT2 are selective UDP-Gal transporters To confirm the nature and transport specificity of the obtained genes an in vitro transport assay was carried out. The cDNA clones were expressed in the yeast Saccharomyces cerevisiae. Golgi vesicles isolated from nontransformed S. cerevisiae cells are known to exhibit a high transport activity for GDP-Man and lower activities for UDP-Glc, UDP-GlcNAc, and GDP-Fuc. Transport of other nucleotide-sugars is absent. S. cerevisiae is therefore a low background eukaryotic expression system to assay most NST activities (Berninsone et al., 1997) .
Golgi-enriched vesicles from UDP-GalT1, UDP-GalT2, and empty vector transformed yeast cells were isolated and in vitro tested for transport activity with a panel of commercially available radiolabeled nucleotide-sugars (Figure 3) , with the exception GDP-Man, because the background of GDP-Man transport is too high in yeast. As expected, vesicles isolated from mock-transformed cells demonstrate specific transport for UDP-Glc, GDP-Fuc, and UDPGlcNAc. Vesicles expressing UDP-GalT1 or UDP-GalT2 show a specific increase in UDP-Gal transport ( % a factor of 10 compared to empty vector transformed yeast), and no significant change was observed with the other nucleotide sugars. These data clearly identify the cloned cDNAs as UDP-Gal transporters. Moreover, it demonstrates that the plant transporters are more restricted in substrate use than the human UDP-Gal transporter, shown to be equally active with UDP-GalNAc (Segawa et al., 2002) .
Homology of the UDP-GalTs to other members of the NST-TPT family Predicted translation products of the newly isolated cDNAs mutually have only 20.8% sequence identity, and with the human UDP-Gal transporter the degree of identity is reduced to 13.4 and 12.7% for UDP-GalT1 and 2, respectively. The closest related proteins of known function are the inner chloroplast membrane transporters TPT, PPT, GPT, and XPT (Eicks et al., 2002; Fischer et al., 1997; Fl€ u ugge, 1998) . Still, also with these proteins the identity is low, reaching a maximum of 19.6% between UDP-GalT1 and GPT.
In Figure 4 , an alignment of UDP-GalT1 and 2 with a selection of other transporters is shown. The human UDPGal transporter has been included to compare transporters with similar specificity and the human CMP-sialic acid transporter, for which the membrane topology has been determined experimentally (Eckhardt et al., 1999) , to support the annotation of transmembrane domains. A member of the TPT family (PPT) and the Arabidopsis GDP-Man and human GDP-Fuc transporters were included in the alignment because they are closest to the cloned UDP-Gal transporters. The Arabidopsis UDP-Glc/Gal and yeast UDP-GlcNAc transporters are members of a separate subfamily within the NST-TPT family and thus were selected as most distant members of the family. Despite the low overall identity at the amino acid level, predicted transmembrane helices of UDP-GalT1 and 2 align very well with those of other transporters (Figure 4 ). When TMDs are predicted using the sequences in a multiple alignment, 10 helices are predicted for all family members shown in Figure 4 at similar places as determined for the CMP-sialic acid transporter (Eckhardt et al., 1999) . In addition an alignment of the complete NST-TPT family identified five amino acid positions within transmembrane helices 5, 6, and 10 that are highly conserved in the sequences. The alignment does not, however, allow the deduction of UDP-Gal transporterspecific amino acid residues.
In a phylogenetic tree ( Figure 5 ) composed of all Arabidopsis proteins predicted from the genome sequence that could be assigned to the NST-TPT family, UDP-GalT1 and 2 form a branch with the TPT family. To limit the number of proteins in the phylogenetic tree, other plant sequences were not included, and from other species only members with a known function were selected. Although the exact tree might look different depending on the included sequences, the overall organization is always similar, showing UDP-GalT1 and 2 in association with the chloroplast transporters (TPT family). These 'plant' branches in combination are connected to a branch containing transporters from many different species including the GDP-Man and GDP-Fuc transporters and the 
UDP-GalT2 Fig. 3 . NST activities of UDP-GalT1 and 2. An empty vector control and UDP-GalT1 and 2 were expressed in yeast from which membrane fractions were isolated and assayed for transport of the indicated nucleotide-sugars. Measurements are the average of a duplicate assay with the same membrane preparation. Each pair of bars represents the results of two independent measurements using different membrane preparations.
Arabidopsis UDP-Gal transporters multisubstrate UDP-sugar transporters, Dm-frc (Goto et al., 2001; Selva et al., 2001) , Ce-sqv7 (Berninsone et al., 2001) , and H-UDP-GlcA . This is subsequently linked to a branch containing yeast UDPGlcNAc transporters and the Arabidopsis dual UDP-Glc/ Gal transporter, and finally the most distinct branch with the mammalian UDP-Gal, UDP-GlcNAc, and CMP-sialic acid transporters is connected. In all four major branches of the tree putative plant NSTs can be found, although most are found in proximity of UDP-GalT1 and 2. Most animal NSTs group together in other branches, but some sequences with unknown function (not shown in Figure 5 ) are in the branch containing UDP-GalT1 and 2.
Expression levels of UDP-GalT1, UDP-GalT2, and other NSTs Microarray data ( Figure 6 ) from the Nottingham Arabidopsis Stock Centre show that both UDP-GalTs have quite invariable expression levels in different tissues and treatments used in various experiments. The same counts for the GDP-Man transporter, whereas the dual UDP-Glc/Gal transporter shows a much higher variation in expression level. The latter is, for example, relatively abundant in suspension culture. The exception is the expression in pollen. Although UDP-GalT2 shows relatively low expression in pollen, the expression of UDP-GalT1 is only low in mature pollen (5 and 6 in Figure 6 ) and actually relatively high in developing pollen (1-4 in Figure 6 ). Remarkable is that GDP-ManT and UDP-Glc/GalT show the exact opposite. UDP-Glc/GalT even shows the highest expression level in mature pollen.
Discussion
Based on sequence information, it would not have been possible to identify UDP-Gal transporters among the numerous Arabidopsis members of the NST-TPT family. By the presented expression cloning strategy in the CHO cell mutant Lec8, two UDP-Gal transporters have been identified. Because each positive subpool of the silique cDNA library was found to contain one or both of the cloned UDP-Gal transporters in a PCR-based assay, it can be concluded that there were no other highly expressed UDP-Gal transporters present in this library. Nevertheless, this does not exclude that other members of the Arabidopsis NST-TPT family encode for UDP-Gal transporters. The UDP-Glc/GalT cloned by Norambuena et al. (2002) , for example, was not present in our library. The two UDP-Gal transporters are quite abundant in the silique cDNA library, when compared to two glycosyltransferase cDNA Simon, 1998, 2001 ) are shaded. Four glycine residues and a tyrosine residue, highly conserved in the complete NST-TPT family, are marked in black. A dotted line above the sequences indicates a region in GDP-Man transporters that is involved in substrate binding (Gao et al., 2001) , within this region a lysine residue (þ) is marked that is most likely involved in substrate binding in the TPT family (Knappe et al., 2003) .
clones that had been isolated from this library before (Bakker et al., 1999 (Bakker et al., , 2001 . From the microarray data it can be concluded that both mRNAs show very limited variation in expression levels in different tissues. Because UDP-Gal is probably required in the Golgi throughout the plant, UDP-Gal transport can be considered a household function. The ubiquitous expression of the two cloned transporters corresponds well to this function. The variation of mRNA expression of UDP-Glc/GalT is much higher, and this transporter therefore seems to have a more specialized function than UDP-GalT1 and 2. Both cloned UDP-Gal transporters have a close homolog in the Arabidopsis genome, At1g21870 for UDP-GalT1 and Atg1g21070 for UDP-GalT2. Although both are about 90% identical to the respective protein and potentially encode for a UDP-Gal transporter, the expression levels seem, according to microarray data (www.affymetrix. arabidopsis.info) by at least a factor of 10 lower. Initially NSTs were thought to be specific for one substrate. However, human , C. elegans (Berninsone et al., 2001) , and Drosophila (Goto et al., 2002; Selva et al., 2002) NSTs that transport various UDPactivated sugars have been cloned. Although the three multisubstrate NSTs can be considered orthologs, they differ in the kind and number of UDP-activated sugars that are transported. Moreover, the human UDP-Gal transporter, long thought to be monospecific, has been shown to transport UDP-GalNAc (Segawa et al., 2002) in an in vitro transport assay after heterologous expression in yeast. Hence, there are probably monospecific and multispecific transporters. In addition, as shown here, within one species, different transporters that can use identical activated sugars can be found. We have shown that in contrast to the UDPGal and UDP-Glc transporting Arabidopsis NST cloned by Norambuena et al. (2002) , UDP-GalT1 and 2 are monospecific transporters. However, there are several other nucleotide-sugars that are not commercially available in radioactive form, such as UDP-galacturonic acid or UDParabinose, and therefore can not be assayed in vitro.
Previously sequence identity has been observed between GDP-Man transporters and the chloroplast GPT, TPT, and PPT (Ma et al., 1997) . The identification of two Arabidopsis UDP-Gal transporters with higher identity to the chloroplast transporters than to any other protein with known function indicates that these chloroplast transporters are clearly members of the same gene family. In Figure 4 , a selection of relevant members of the NST-TPT family is aligned with the cloned Arabidopsis UDPGal transporters. Remarkably, no motif specific for UDP-Gal can be identified in this alignment, neither in a domain involved in substrate recognition in other transporters (Gao et al., 2001; Knappe et al., 2003) nor any other region. The alignment again shows that except for GDP-sugar transporters, primary sequence homology has low predictive value for the transport specificity. In a phylogenetic tree sequences generally align according to the phylogeny of species rather than according to function (Berninsone and Hirschberg, 2000) . One of the exceptions is the relatively high identity between the yeast and mammalian UDP-Gal transporters. However this cannot be extended to plants. There are numerous plant members of the NST-TPT family with higher identity to the mammalian/yeast UDP-Gal transporters than to the two cloned Arabidopsis NSTs. This suggests that the Arabidopsis UDP-Gal transporters have a different
Fig. 5. Phylogenetic tree of Arabidopsis members of the NST-TPT family. The phylogenetic tree is supplemented with a selection of family members with known activity from other species. Known activities are indicated behind the gene name. Nomenclature within the TPT branch is taken from Knappe et al. (2003) . H: Homo sapiens, Sp: Schizosaccharomyces pombe, Ce: C. elegans, Dm: D. melanogaster, Lm: Leishmania major, Sc: S. cerevisiae. Not included are Arabidopsis members of the purine transporter (Gillissen et al., 2000) and the nodulin-protein-like family (Gamas et al., 1996) .
Arabidopsis UDP-Gal transporters evolutionary origin within the NST-TPT family than the mammalian/yeast UDP-Gal transporters.
Due to the large number of putative NSTs, it is not surprising to find more than one UDP-Gal transporter, and more redundancy is expected in this family. Most known members of this family that are localized in the ER-Golgi system are NSTs. One exception is the 3 0 -phosphate 5 0 -phosphosulfate (PAPS) transporter (Kamiyama et al., 2003; Luders et al., 2003) . Thus, on the other hand, it is very well possible that beside nucleotide-sugars and PAPS other compounds, like sugar-phosphates, are transported in the ER or Golgi by members of the NST-TPT family.
In Figure 5 , all Arabidopsis members of the NST-TPT family that could be identified in the genome database are organized in a phylogenetic tree. Many homologs can of course be found in other plants, but yeast and animal proteins with and without known function are spread over the phylogenetic tree, also in the branch containing UDPGalT1 and 2 (not shown). The fact that animal and plant sequences are mixed in all major branches of the tree suggests that all have a long evolutionary history. The purinetransporter-like and the nodulin-protein-like family are two other eukaryotic gene families within the drug/metabolite transporter superfamily (Jack et al., 2001) that are close to the NST-TPT family. The purine transporter (Gillissen et al., 2000) is localized to the cell surface membrane, whereas Medicago truncatula nodulin protein 21, a protein induced during nodulation (Gamas et al., 1996) and after which the nodulin-like family is named, has an unknown cellular localization. Both probably share the 10 TMD topology with the NST-TPT family, and the conserved amino acids indicated in Figure 4 are also found in these families. The nodulin-like family forms the evolutionary link between bacterial and eukaryotic members, including the NST-TPT family, of the drug/metabolite transporter superfamily (Jack et al., 2001) . It is likely that the conserved amino acids are involved in structural properties of the proteins because glycine residues are thought to play a greater role in maintaining the structure of a protein than in binding of substrates (Betts and Russell, 2003) .
Experimentally, the transmembrane topology of the CMP-sialic acid transporter has been determined (Eckhardt et al., 1999) . A model with 10 domains and both N-and C-terminus at the cytoplasmic side of the Golgi membrane has been proposed. In many other members of the NST-TPT family 10 TMDs are predicted by prediction programs Simon, 1998, 2001 ) (www.enzim.hu/hmmtop), but in others not all 10 are predicted. Due to the conservation within the NST-TPT family, it is most probable that the 10 TMD topology is a characteristic of most if not all members of the NST-TPT family.
Materials and methods

Materials
The CHO cell line CHOP8, a Lec8 cell line stable transformed with the polyoma virus large T antigen (Cummings et al., 1993) was used as host for expression cloning. An A. thaliana (var. colombia) silique cDNA library was made in the mammalian expression vector pABE (Eckhardt et al., 1996) as described (Bakker et al., 1999) . For cotransfections, a rat glucuronyltransferase cDNA clone in vector pEFBOS was used (Terayama et al., 1997) . Rat monoclonal L2-412 is described in Bakker et al. (1997) and Kruse et al. (1984) , and . Expression level of Arabidopsis NSTs. Microarray data from the Nottingham Arabidopsis Stock Centre was used to examine mRNA expression levels of the four NSTs cloned from Arabidopsis; UDP-GalT1(At1g77610), UDP-GalT2 (At1g76670), UDP-Glc/GalT (At2g02810) and GDP-ManT (At2g13650). The compete Nottingham microarray data set (www.affymetrix.arabidopsis.info) was used to make two gene scatterplots of UDP-GalT1 with each of the other known Arabidopsis NSTs. Each dot represents the mRNA expression level of the corresponding genes in one hybridization experiment. The data cover hundreds of experiments with RNA samples from all Arabidopsis tissues and was normalized at 10 2 . Some data points that come from experiments with developing pollen and showed atypical expression levels are marked. These come from the experiments that can be found under the following code names: 1: Honys UNM1 SLD, 2: Honys UNM2 SLD (both uninucleate microspores), 3: Honys BCP1 SLD, 4: Honys BCP2 SLD (both bicellular pollen), 5: Honys MPG1 SLD, 6:DT002 ATH1 pollen (both mature pollen); for details see www.affymetrix.arabidopsis.info. Circled are a set of points that represent expression levels in cell suspension culture.
H. Bakker et al. goat anti-rat alkaline phosphatase was from Jackson ImmunoResearch (West Grove, PA).
S. cerevisiae strain YPH500 (MATa ura3-52 lys2-801 ade2-101 trp1-D 63 his3-D200 leu2-D1) was used for all yeast expression experiments. The copper-inducible yeast expression vector pYEX-BESN, modified from clontech as described in Segawa et al. (2002) Construction of epitope-tagged transporters for yeast expression For yeast expression the following sequences: GGATCC (BamHI)ACC-UDP-GalT1-GGATCC(BamHI)TACCCT-TATGACGTCCCCGATTACGCCTGAGCGGCCGC (NotI) and GGATCT(BamHI/BglII)ACC-UDP-GalT2-TCTAGA(XbaI)TACCCTTATGACGTCCCCGATTAC-GCCTGAGCGGCCGC(NotI), containing the full open reading frames, including the start codon but without stop, followed by a sequence encoding the C-terminal HA-tag (YPYDVPDYA), were introduced into the BamHI-NotI site of pYEX-BESN.
Transient transfection of CHO cells CHOP8 cells were grown in a-MEM with 2% fetal calf serum, 8% newborn serum, and penicillin/streptomycin (all from Life Technologies, Grand Island, NY). Cells were plated in six-well (9.6-cm 2 ) plates; on day 2 the confluent cell layer was transfected using a DEAE-Dextran (Pharmacia, Uppsala, Sweden) transfection method (Bakker et al., 1997; Kluxen and Lubbert, 1993) . For each well 2 mg plasmid DNA of a cDNA library pool and 1 mg of the plasmid containing the glucuronyltransferase cDNA was used. Medium was replaced on day 3. On day 4, cells were washed with Tris-buffered saline, 2.5% glutarealdehyde-fixed and blocked in 2% milk powder/Tris-buffered saline. Cells were stained with mAb L2-412 in the same solution, followed by an alkaline phosphatase-conjugated secondary antibody. For color development Fast-Red (Sigma, St. Louis, MO) substrate was used. Plates were analyzed under a normal light microscope, and red cells per plate were scored.
Original pools of the cDNA library containing 500-1000 different clones were kept as E. coli glycerol stocks. For the initial screening plasmid DNA was isolated from 10 combined pools. For the second round screening, plasmid DNA from the original pools was used. For further sibling selection, bacteria from the glycerol stock were again plated and 4 Â 384 colonies were picked and grown in 384-well microtiter plates. Plasmid was isolated from combined cells from each plate and transfected to CHO cells. From a positive plate, columns and rows were screened to determine the positive clone.
Yeast transformation, vesicle preparation, and transport assays Transformations were done according a protocol provided with pYES vectors from Invitrogen (Carlsbad, CA). Transformants were cultured on selective medium containing 0.67% bacto-yeast nitrogen base without amino acids supplemented with L-leucine, L-histidine, L-tryptophan, L-lysine, adenine, and 2% glucose. Cells were cultured to a density of 0.8 A 600 , and copper sulfate was added at a final concentration of 0.5 mM at 2 h before harvest.
Subcellular fractionation and in vitro transport assay were essentially performed as previously described (Aoki et al., 2001; Segawa et al., 2002) . Cells were harvested by centrifugation 5 min at 1500 Â g and washed twice with ice-cold 10 mM NaN 3 . The pellet volume was measured and resuspended in three volumes of zymolyase buffer (50 mM KPO 4 pH 7.5; 1.4 M sorbitol; 10 mM NaN 3 ; and 0.3% b-mercaptoethanol) containing 2.0 mg Zymolyase-100T (ICN, Irvine, CA) per gram of cells and incubated at 37 C for 20 min. The spheroplasts were collected by centrifugation (5 min 1000 Â g) and lysed by resuspending in four volumes of lyses buffer (10 mM HEPES-Tris, pH 7.4; 0.8 M sorbitol; 1 mM ethylenediamine tetra-acetic acid) containing a protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). After homogenization with 10 strokes in a Dounce, the lysate was centrifuged (5 min at 1500 Â g) to remove unlysed cells and debris. The supernatant was separated in two fractions (Goud et al. 1988) by centrifugation first at z10,000 Â g for 10 min (ER rich fraction) followed by centrifugation of the 10,000 Â g supernatant at 100,000 Â g for 1 h (Golgi rich fraction). The 100,000 Â g pellet was resuspended in lyses buffer (0.8 ml/g cells). Aliquots (100 ml) of the vesicle preparation were snap frozen and kept at À80 C. The protein concentrations were determined by using BCA assay from Pierce (Rockford, IL).
Transport assay reactions were started by addition of 50 ml 2 mM radioactive nucleotide-sugar (2000-4000 dpm/ pmol); 10 mM Tris-HCl, pH 7.0; 0.8 M sorbitol; 2 mM MgCl 2 ) to 50 ml vesicle preparation (75-100 mg protein equivalent) and was incubated at 30 C for 30 s. The reaction stopped by dilution with 1 ml of 10 mM TrisHCl, pH 7.0; 0.8 M sorbitol; 2 mM MgCl 2 containing 1 mM cold nucleotide-sugar. Separation of vesicles and nucleotide-sugar was performed by filtration trough nitrocellulose filter (MFtm-Membrane Filters, Millipore, Bedford, MA). Radioactivity associated with the microsomes retained by the filter was then measured by liquid scintillation in a Beckman counter. Membranes prepared from yeast transformed with an empty vector were used to measure endogenous transport. The transport of UDPglucose (endogenous UDP-Glc) was used as a control for quality of membrane vesicles. Transport was expressed in pmol transported nucleotide-sugars per min per mg total protein (pmol/min/mg).
Two independent experiments using different membrane preparations were carried for each expressed construct. For each experiment all different nucleotide-sugars were assayed in duplicate with the same vesicle preparation.
Arabidopsis UDP-Gal transporters
Multiple alignments, TMD prediction, and phylogeny Arabidopsis members of the NST-TPT family were identified by WU-BLAST2 searches in the Arabidopsis genomic sequence data at TAIR (www.arabidopsis.org) using various known members of the NST-TPT family as input. Searches were done at protein level and limited to the proteins predicted from the genomic sequence.
Multiple alignments were done using the online CLUS-TAL W program at EBI (www.ebi.ac.uk/clustalw) using default settings. N-terminal chloroplast targeting signals were excluded in the alignments as well as some other long N-terminal extensions in other proteins. The alignment in Figure 4 was modified slightly by hand; all gaps introduced close to the N-and C-terminus were removed. Based on these CLUSTAL W results, average distance trees were made in Jalview. TMDs were predicted using the online prediction program HMMTOP (www.enzim.hu/hmmtop) Simon, 1998, 2001 ). Predictions were done using all sequences in a multiple alignment.
